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SynopsisSynopsis
Knowledge of transmembrane water exchange kinetics is  invaluable for the correctKnowledge of transmembrane water exchange kinetics is  invaluable for the correct
interpretation of many MRI experiments,  e.g. ,  DCE-MRI,  diffusion MRI,  etc.  Here weinterpretation of many MRI experiments,  e.g. ,  DCE-MRI,  diffusion MRI,  etc.  Here we
quantitat ively studied the transmembrane water exchange quantitat ively studied the transmembrane water exchange in organotypic culturesin organotypic cultures
from rat brain cortex with an MR relaxation contrast agent.  In normal states,  wefrom rat brain cortex with an MR relaxation contrast agent.  In normal states,  we
determined the equil ibrium cel lular water efflux rate constant [determined the equil ibrium cel lular water efflux rate constant [k ]  is  2.15 (± 1.28)]  is  2.15 (± 1.28)
ss  at 34 (± 1)   at  34 (± 1)  °C.  In the l ikely cel l -swollen state induced by Ouabain perfusion,  we,°C.  In the l ikely cel l -swollen state induced by Ouabain perfusion,  we,
for the first  t ime, quantitat ively measured a global  increase of the intracel lularfor the first  t ime, quantitat ively measured a global  increase of the intracel lular
volume fraction (~104%) together and a large decrease of volume fraction (~104%) together and a large decrease of k  (~64%). (~64%).

PurposePurpose
Water in the intra- and extracellular spaces is in steady-state exchange. Knowledge of the exchange
kinetics is invaluable for correctly interpreting findings obtained in many MRI experiments, e.g., DCE-
MRI,  diffusion MRI,  etc. Moreover, the exchange rate constant itself might provide important
physiological and pathological information, e.g., about metabolic activity.  Dominating over the
passive pathways based on diffusion across membranes, transmembrane water cycling enjoys a
metabolically active pathway via the Na -K -ATPase (NKA) pump, which is essential for all
mammalian cells and is primarily responsible for maintaining the K  and Na  gradient in vivo.
Dysfunction of the NKA pump is also reported involved in many pathological processes, like cerebral
ischemia, etc.  Thus, the determination of transmembrane water exchange kinetics when the NKA-
pump is blocked will also provide crucial biological information.

MethodsMethods
We studied organotypic tissue cultures from rat brain cortex using a novel multimodality imaging
test bed with simultaneous intracellular calcium fluorescence imaging and MR acquisition
capabilities.  The organotypic cortical cultures were kept perfused with artificial CSF (ACSF) at a
constant temperature 34.0 (± 1.0) °C. Longitudinal MR relaxometry with an extracellular gadolinium-
based MR relaxation contrast agent (CA), Gadoteridol (Prohance (PH)), was used to distinguish
intracellular and extracellular water compartments by increasing the extracellular water’s
longitudinal relaxation rate constant. A saturation-recovery MR sequence with 21 recovery times
was used to measure sample R  values at three different PH concentrations: 0, 2.5 and 5.0 mM. Data
were further analyzed with a two-sites-exchange (2SX) model  to determine the transmembrane
water exchange kinetics with the following parameters: f  – intracellular water molar fraction; k  –
the equilibrium cellular water efflux rate constant [where τ  [= 1/k ] is the intracellular water
residence time]; and R  – the intracellular water R . NKA pump blockage was induced by adding
1mM Ouabain (an NKA pump inhibitor) into the perfusing medium.

ResultsResults
Evidence of Exchange.Evidence of Exchange. In Figure 1Figure 1, the R  data from ACSF is fit well by single-exponential
functions at the three PH concentrations. The organotypic culture R  data were also fit well by a
single-exponential function when [PH] = 0 mM, but required at least a bi-exponential function at
[PH] = 2.5 and 5.0 mM. A significant decrease of the apparent fraction of the signal (f ) with a
small apparent R  (R ) from [PH] = 2.5 to 5 mM was observed (p < 0.005, Figure 2Figure 2). This
demonstrated the presence of transmembrane proton exchange. 2SX Model.2SX Model. The 2SX model was
applied to the data obtained on a single concentration ([PH] = 5.0 mM) with constraints obtained
from single-exponential fit on the data collected at [PH] = 0 mM. The 2SX model well fit the R  data
without any systematic bias in the residuals and reported the intracellular water residence time
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FiguresFigures

Figure 1Figure 1. The averaged
saturation recovery data from
ACSF only (left, n = 6) and
organotypic cortical cultures
(right, n = 13) at three [PH]
values, in which the dashed and
continuous lines are the fitting
results from single-exponential
and empirical bi-exponential
models, respectively. The
errorbars represent the standard
deviation on each measurement.
M(τ ) is the magnetization at
recovery time τ and M  is the
equilibrium magnetization.

Figure 2.Figure 2. Results of the single-
and empirical bi-exponential
fittings of saturation recovery
data from ACSF only, and ACSF
with organotypic cultures at
three different [PH] values

Figure 3.  Figure 3.  The results (A) and
residuals (B) of 2SX fittings of the
saturation recovery data from
organotypic cortical cultures (n =
45) at [PH] = 0 mM and 5 mM.
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~465 (± 276) ms (Figure 3 Figure 3 and Figure 4Figure 4). NKA Blockage.NKA Blockage. As shown in Figure 5Figure 5, the intracellular
calcium content increased and reached its maximum around ~10 min after starting Ouabain
perfusion, and then slowly decreased while Ouabain perfusion continued. The f  values showed
almost synchronous behavior – it increased and reached its maximum (from 7.1% to 14.4%) around
~ 20 min after starting Ouabain perfusion. On the other hand, k  showed opposite changes –
significantly decreasing (from 4.0 s  to 1.4 s ) after 20-min Ouabain perfusion. The R  also showed
small decrease (from 1.4 s  to 1.2 s ).

DiscussionDiscussion
Brain tissue transmembrane water exchange has been measured only with intracerebroventricular
Gd(DTPA)  infusion into rat brain; k  = 1.81 (±0.89) s .  Our k  value measured under normal
conditions agrees with this. This information will be useful to model and interpret many MRI
experiments, e.g., time-series analysis in DCE-MRI, inter-compartment exchange effects on diffusion
MRI, etc. Ouabain has been used to presumably induce cell swelling by blocking the NKA pump for
decades,  but this phenomenon has never been directly characterized by MR. This study, for the
first time, quantitatively measured a global f  increase during NKA blockage. If the mean cellular

volume is <V>>: f = ρ<V>f /(1–ρ<V>f ); where ρ is the cell number density, f  is the volume fraction

accessible to mobile aqueous solutes, and f  = 1 – f . R  ~ <V> .] Interestingly, a large decrease of
the transmembrane water exchange is also observed during NKA blockage. In addition, the
simultaneous cellular calcium uptake also indicates the calcium might play an important role in this
pathological process.  These new findings may provide important clues to not only for the
interpretation of some MRI biomarkers on disease, but also to understand some essential
physiological processes underlying these diseases, e.g., in cerebral ischemia.
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recovery time τ  and
M  is the equilibrium
magnetization. In
(A), the errorbars
represent the
standard deviation
on each
measurement. In (B),
the light gray curves
are residuals of 2SX
fitting of each
sample and the
black curve is the
average of all
samples.

Figure 4Figure 4. Results of 2SX model
fitting on the organotypic
cultures.

Figure 5. Ouabain experiment. (A)
A representative intracellular
calcium fluorescence trace
during the introduction of 1 mM
Ouabain. The different color
regions represent the times of
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each NMR acquisitions. (B) The
averaged saturation recovery
data (n = 6) at various time
points; the continuous curves
result from 2SX data fitting. (C–E)
the statistical results of
intracellular volume fraction (C),
cellular water efflux rate constant
(D), and intracellular water R  (E).
* p < 0.05 with paired Student’s t
test compared with baseline
values.
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